Tricyclic bis-adducts of cyclohexa-1,4-diene with bromofluorocarbene and non-symmetric adducts with both bromofluoro-and dichlorocarbenes were synthesised selectively. The treatment of the bis-adducts with nitrating reagents in acetonitrile affords the products of heterocyclization of a sole dihalogenocyclopropane into 4-fluoropyrimidine N-oxide. The difference in the reactivity of bis-cyclopropanes with different sets of halogen substituents leads to selective heterocyclization of bromofluorocyclopropanes without affecting the dichlorocyclopropane moiety.
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Introduction
Pyrimidine and quinazoline rings are frequently encountered in pharmaceuticals with a wide range of activities, including anticonvulsant, antibacterial, antifungal, antiviral and anticancer properties. 1 Because halogen-substituted pyrimidines can be readily modified via SNAr reactions, they serve as commonly used synthetic intermediates for the construction of libraries of heterocyclic compounds. 2 Nevertheless, no general methods for the construction of a fluoropyrimidine system via cyclization have been described until our recent work. 3 Previously, we have reported the heterocyclization of gembromofluorocyclopropanes I into 4-fluoropyrimidine N-oxides II involving the treatment with nitrosating or nitrating reagents in the presence of organic nitriles (Scheme 1). 4, 5 This reaction was used to develop efficient preparative approaches to various 4-substituted pyrimidine derivatives III, 6, 7 including those with antiviral activities. In order to evaluate further the scope and limitations of the three-component heterocyclization and to investigate the reactivity of the neighboring three-membered rings in this process, we obtained novel bis(gem-dihalocyclopropyl) compounds 1, 2 and involved them in the reaction with nitrating reagents. The heterocyclization of bis(gem-dihalocyclopropanes) would open a direct synthetic pathway to dimeric pyrimidine derivatives. This process is of particular interest because bis(heterocyclic) compounds can act as bivalent ligands with increased bioactivities. For instance, the bivalent positive allosteric modulators of AMPA receptors were shown to be significantly more potent than the respective monovalent analogs.
Results and discussion
The starting bis-cyclopropanes 1, 2 were obtained via a twostage carbene cycloaddition to cyclohexa-1,4-diene (3) (Scheme 2). In the first stage diene 3 was treated with bromofluorocarbene, generated from 4 eq. of dibromofluoromethane under phase-transfer conditions. 10 The intermediate monocyclopropane 4 was isolated in 62% yield and introduced for further cyclopropanation. The alkene moiety of 4 was relatively inactive in the reaction with bromofluorocarbene, and only continuous treatment of 4 with a large excess of dibromofluoromethane afforded the bis-adduct 1 in a good yield. In contrast, the interaction of dichlorocarbene with 4 proceeded smoothly for 24 h leading to compound 2, containing both dichlorocyclopropane and bromofluorocyclopropane moieties. The mono-adduct 4 can exist as two diastereomers, depending on the exo/endo-position of halogen atoms in bromofluorocyclopropane (Scheme 3). Adduct 4 was obtained as a mixture of (r) and (s)-isomers, 11 (r) : (s) = 0.6 : 1. Here and elsewhere the position of the fluorine atom was determined by using 1 H and 19 F NMR spectra: a large value of spin-spin coupling constant For the bis-adducts 1 and 2, the number of possible diastereomers increases due to the additional choices in the relative positions of halogens and the orientation of cyclopropane rings. Because all of the literature bis-cycloaddition reactions of cyclohexadiene 3 with dihalocarbenes containing two identical halogen atoms were reported to give only the products in which the cyclopropane units are in trans-orientation to each other, [12] [13] [14] [15] we assume the same trans-preference to be observed for compounds 1, 2. The observed experimental selectivity for the formation of bis-adduct 1 revealed the formation of isomers (s,s)-1, (r,s)-1 and (r,r)-1 in the ratio of 1 : 0.6 : 0.05 (Scheme 3). The major isomer (s,s)-1 can be separated from the mixture of minor isomers (r,s)-1 and (r,r)-1 via column chromatography. The structure of the (s,s)-isomer was unambiguously proven with X-ray analysis (Fig. 1) . 16 Such geometry and isomer ratios of the starting compounds and products indicate the strong preference to the exo-orientation of fluorine during the addition of bromofluorocarbene to alkene 4 (even in comparison to cyclohexadiene 3). The opposite orientation of carbene, leading to compound (r,r)-1, is far less probable (Scheme 3). "Mixed" bis-adduct 2 was isolated as a mixture of (r) and (s)-isomers in the ratio of 0.6 : 1, that exactly corresponds to the isomer composition of starting monocyclopropane 4. An interesting structural effect on the geometry of bis-cyclopropanes stems from the presence of two halogens at the cyclopropyl rings. The central "cyclohexane" ring of halogensubstituted tricyclooctanes 1 and 2 is remarkably close to planarity 17 (deviations of <0. cyclization with the involvement of only one dihalocyclopropane moiety (Scheme 4). It should be mentioned that (r)-5 is formed from both (r,s)-and (r,r)-isomers of cyclopropane 1 as the major isomer ((r)-5/(s)-5 = 1/0.5). Presumably, the electrophilic attack of the nitronium cation comes preferably from the side of the six-membered ring opposite to a bulky bromine atom.
In order to compare the reactivity of dichloro-and bromofluorocyclopropanes, we investigated the heterocyclization of the unsymmetrical compound 2 containing two different dihalogenocyclopropane moieties. The treatment of bis-adduct 2 with the excess of nitrating agents in acetonitrile was performed at room temperature for 14 days. The only product of the reaction was 4-fluoropyrimidine N-oxide 6, resulting from the heterocyclization of the bromofluorocyclopropane moieties (Scheme 5). Attempts to transform the remaining dichlorocyclopropane moieties into heterocycle via the reaction of 6 with nitronium triflate under various conditions led to the decomposition of compound 6.
Computational analysis

Methods
Calculations were carried using the meta-hybrid (U)M06-2X functional 18 and the 6-31+G(d,p) basis set for all atoms, with an ultrafine integration grid (99 590 points). A broken-spin approach was applied when necessary. 
Results and discussion
As the above experimental data illustrate, both the cyclopropanation and the nitration steps reveal interesting substituent effects that are not readily understandable from a qualitative basis. Below, we report additional insights into the origin of the observed trends using computational methods. These methods reveal unexpected complexity for simple reactions and reveal surprisingly large effects of substituents on the stability and reactivity of the cyclopropane units.
Cyclopropanation
Interestingly, the introduction of two halogens in the fused cyclopropane ring is thermodynamically favourable (Scheme 6a). The fusion of two dihalocyclopropanes in a cyclohexane ring also leads to significant stabilization of the tricyclic structures (Scheme 6b). We will show below that this stabilization has an impact on reactivity. On the other hand, the relative thermodynamic stabilities of the stereoisomeric fused mono-and bis-cyclopropanes derived from 1,4-cyclohexadiene are similar to each other (Scheme 6c). This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The cyclopropanation reactions are highly (>60 kcal mol −1 ) exergonic and irreversible. As a consequence, the experimental selectivities are determined by reaction kinetics and the observed reactivity/selectivity trends should originate from electronic effects that are specific for the TS. The interplay of electronic effects involved in cyclopropanation of alkenes with singlet carbenes is complicated and the sequence of well-choreographed geometric changes along the internal reaction coordinate (IRC) path has been compared to a molecular dance. 27 As a four-electron process, the suprafacial reaction is forbidden according to the Woodward-Hoffmann rules. Thus, the initial approach directs the empty orbital of carbene towards the target π-system, masquerading as a two-electron process.
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Only when the formation of the first bond is sufficiently advanced, the second bond starts to form in an asynchronous process with a concomitant rotation of the XCY moiety relative to its target. The IRC scan shows that the cyclopropanation step has no energy barrier in the Electronic (E) PES. The barrier only appears at the Gibbs Free energy (G) surface when the entropy effects are included. Similar "entropic" barriers have been reported earlier for exothermic bimolecular processes. 29 Both (r) and (s) stereoisomers are formed through similar highly asynchronous steps. The frequency analysis of structures evolving along the cycloaddition IRC path reveals two barriers associated with structures that have imaginary frequencies. The first structure corresponds to the formation of the first C-C bond and the 2 nd one corresponds to the formation of the second C-C bond and the cyclopropane ring. Geometries corresponding to these points (labelled "TS1" and "TS2") are shown below (Scheme 7). The absence (or near absence) of the energy barriers complicates the application of transition state theory for the analysis of stereoselectivity. However, the inspection of structures and energies along the alternative IRC paths for the formation of the two products suggests a simple model for the observed selectivity. The path towards the experimentally preferred product is ∼1 kcal mol −1 lower at the carbene approach stage.
One can trace this energy lowering to electrostatic stabilization created by the favourable Coulombic contacts between the negatively charged fluorine (q = −0.05e). On the other hand, computations for the second cyclopropanation steps do reveal the presence of larger (albeit still small) activation barriers. Scheme 9 illustrates the preference for the endo-Br TS that leads to the experimentally preferred stereoisomer. The formation of pre-reaction complexes at this level of theory is strongly exothermic (ΔH = −11 kcal mol −1 ) but only very weakly exergonic (ΔG = −0.1 kcal mol −1 ).
Gratifyingly, experimental selectivities agree with the difference in the energies of the stereodifferentiating cyclopropanation transition states. The computational analysis finds ∼1 kcal mol −1 preference for the experimentally observed isomer (Scheme 9) which again corresponds to the "exo" orientation of the F substituent.
"Nitration"
These experimental results bring a number of interesting questions related to the mechanism and selectivity of interactions of functionalized fused cyclopropanes with the nitronium cation. In particular, why is compound (s,s)-1 unreactive whereas its stereoisomers undergo heterocyclization? Why do the cyclopropyl units in compounds 5 and 6 remain intact? Why does the bromofluorocyclopropyl unit react selectively in the presence of a dichlorocyclopropyl moiety? Why are tricyclic bis-cyclopropanes less reactive than their bicyclic mono-cyclopropane analogues? 4 The proposed mechanism of heterocyclization is described in a previous study. 5 A slightly modified version of the mechanism is offered in Scheme 10 but the full discussion of its complexity along the multiple reaction steps is not the purpose of the present discussion. The key premise of the following analysis is that the ease and selectivity of the cyclopropyl ring opening is determined at the very early stages of the cascade and should correlate with the donor ability of this bond towards the nitronium cation. In this work, we will start with a simple approach that uses thermodynamics of a single-electron transfer (SET) path Scheme 7 The first cyclopropanation of 1,4-cyclohexadiene is highly asynchronous. Although the process is barrierless at the potential energy surface, inclusion of entropy creates small barriers at the Gibbs Free Energy surface. Two structures are shown from the highly asynchronous bond-forming region. These structures (labelled as "TS1" and "TS2") display imaginary frequencies corresponding to one of the C-C bonds formation. The distances at the reaction coordinate axis indicate the separation of the carbene carbon from the remote carbon of the double bond. See ESI † for the analogous scan for the 2 nd regioisomer.
as the guiding principle. Interestingly, this simple criterion can provide a rationale for some of the experimentally observed trends in the relative reactivity. When necessary, a more accurate analysis can be provided based on the comparison of activation barriers for the direct electrophilic attack of the nitronium cation in the strained C-C bond. The SET energies readily explain the differences in the reactivity of bicyclic and tricyclic systems. As we discussed above, the halogenated bis-cyclopropane adducts are ∼5 kcal mol −1 stabilized relative to the monocyclopropane adducts. This decreased strain is reflected in their lower reactivity in reaction with the nitronium cation. Whereas SET from bicyclic monocyclopropanes to nitronium is ∼11 kcal mol −1 exothermic for the endo-Br monocyclopropane, the same reaction is only ∼1 kcal mol −1 exothermic for the analogous tricyclic bis-cyclopropane (s,s)-1 at the M06-2X (D3) level of theory in MeCN (Scheme 11). Interestingly, the monocyclic bis-halocyclopropanes are relatively poor donors in comparison with their bi-and tri-cyclic intermediates. The calculated difference in the SET favorability also provides a simple explanation to why the cyclopropyl units in compounds 5 and 6 remain intact. Annealing an acceptor heterocyclic system decreases the donor ability of the cyclopropane unit as illustrated by the endothermicity of electron transfer to nitronium from compound 5 (Scheme 11).
The relative reactivity of (s,s)-1 and (r,s)-1 is more nuanced. Although, the less reactive (s,s)-1 isomer is a ∼1 kcal mol −1 weaker donor in the reaction with nitronium, this relatively small difference cannot fully explain the relatively large difference in reactivity. Furthermore, the calculated energies of the two isomeric radical-cations produced from the non-symmetric bis-cyclopropane suggest that SET from the dichlorosubstituted ring is thermodynamically preferred to SET from the F, Br-subsituted cyclopropane. This trend is not unique to the tricyclic systems -calculations on the parent 1,2-bromo-1-fluoro and 1,1-dichlorocyclopropanes showed a similar trend. Because the relative stabilities of the two radical-cations do not agree with the experimentally observed preference for the selective reaction at the Br, F-substituted ring, we have proceeded one step further and calculated the activation barriers for the electrophilic attack of the nitronium cation in the strained cyclopropane C-C bond in these compounds.
The calculated TS geometries correspond to a non-classic cationic structure originating from the direct attack of the nitronium cation at the C-C bond center. The two C⋯N distances are similar (∼2.1-2.2 Å). Considerable bending at the NO 2 moiety indicates a significant electron transfer from cyclopropane (ca. 0.17e, per NBO analysis) along with the formation of incipient C⋯N bonds (Scheme 12). Interestingly, a further IRC analysis of these NO 2 + additions finds a post-TS bifurcation that can potentially lead to two different local minima, depending on which of the cyclopropane carbons makes the full C-N bond first. The formation of the C-N bond in the CH group and the C-O bond in the dihalogenated carbon provides an intermediate that leads to the observed product. The alternative, higher energy, intermediate where the dihalogenated carbon makes a C-N bond does not seem to contribute to the reaction progress (Scheme 13). This system should provide an interesting platform for the future studies of dynamic effects on reaction selectivity.
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The comparison of TS energies for the reaction of compounds (r,s)-and 2 show that experimentally observed selectivities agree well with the difference in the activation barriers. For example, a cyclopropane opening in (r,s)-1 has ∼5 kcal mol −1 lower barrier when the Br substituent is positioned anti to the attacking nitronium. In a similar way, the activation barrier is ∼6 kcal mol −1 higher for the attack on the dichlorocyclopropane moiety of the non-symmetric substrate 2 (Scheme 14). It is interesting that the dichlorocyclopropane unit remains unreactive under conditions when the bromofluoro cyclopropane undergoes ring opening and heterocyclization (Scheme 14). This behavior is another illustration of the connection between molecular geometry and hybridization in cyclopropanes that leads to a strong dependence of their strain energies from the nature of exocyclic substituents. Cyclopropanes with acceptor groups are "torn" between the necessity to allocate the increased p-character to the endocyclic C-C bonds (to decrease the ring strain) and to the exocyclic C-X bonds (to satisfy the correlation between electronegativity of X and hybridization of carbon orbital in the C-X bond, known as Bent's rule 33 ). It was shown earlier that the straininducing destabilizing effects of Cl and Br are similar and noticeably smaller than the effect of F. 34 
Conclusions
In conclusion, bis-adducts of cyclohexa-1,4-diene with bromofluorocarbene 1 and mixed adducts with the bromofluoro-and dichlorocarbenes 2 were prepared and investigated in reactions with nitrating reagents. Interesting stereoselectivity effects were discovered in cyclopropanations of 1,4-cyclohexadiene (CHD) and related bicyclic alkenes by bromofluoro carbene (CFBr). These effects were proposed to originate from electrostatic F⋯H interactions that favor the (s-) (or F-exo) isomer. Nitration selectively affords products of a one-fold heterocyclization -the remaining three-membered ring is deactivated by the formation of an adjacent electron withdrawing heterocycle. Nitration of a non-symmetric bis-cyclopropane 2 proceeded selectively to involve the bromofluorocyclopropane moiety, leaving the dichloro substituted cyclopropane ring intact. The computational analysis provided the initial insights into the possible origin of the observed selectivity trends by revealing the differences in the donor ability of cyclopropane rings with various substituents. Computed transition state structures and activation barriers for the direct electrophilic insertion of nitronium cation into the strained C-C bonds of cyclopropanes reveal large effects of the exocyclic substituents that are consistent with experimentally observed selectivities.
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